The random spin-orbit coupling in multicomponent superconductors is investigated focusing on the non-centrosymmetric superconductor CePt3Si and the spin triplet superconductor Sr2RuO4. We find novel manifestations of the random spin-orbit coupling in the multicomponent superconductors with directional disorders, such as stacking faults. The presence of stacking faults is indicated for the disordered phase of CePt3Si and Sr2RuO4. It is shown that the d-vector of spin triplet pairing is locked to be d = kyx − kxŷ with the anisotropy ∆Tc/Tc0 ∼ᾱ 2 /Tc0Wz, whereᾱ, Tc0, and Wz are the mean square root of random spin-orbit coupling, the transition temperature in the clean limit, and the kinetic energy along the c-axis, respectively. This anisotropy is much larger (smaller) than that in the clean bulk Sr2RuO4 (CePt3Si). These results indicate that the helical pairing state d = kyx − kxŷ in the eutectic crystal of Sr2RuO4-Sr3Ru2O7 is stabilized in contrast to the chiral state d = (kx ± iky)ẑ in the bulk Sr2RuO4. The unusual variation of Tc in CePt3Si is resolved by taking into account the weak pair-breaking effect arising from the uniform and random spin-orbit couplings. These superconductors provide a basis for discussing recent topics on Majorana fermions and non-Abelian statistics.
Introduction
Spin triplet superconductivity and superfluidity have attracted much interest since the discovery of multicomponent order parameters in superfluid 3 He 1) and heavy fermion superconductors. [2] [3] [4] [5] [6] [7] [8] Recent studies have shown that Sr 2 RuO 4 9) and non-centrosymmetric CePt 3 Si 10, 11) are other candidate spin triplet superconductors. The former is considered to be a P -wave superconductor. 12, 13) The mixed-parity s+P -wave state seems to be realized in the latter [14] [15] [16] [17] [18] since the crystal structure of CePt 3 Si lacks the inversion symmetry. [19] [20] [21] [22] Spin triplet superconductor/superfluid has multicomponent order parameters described by the d-vector.
1, 3)
The structure of the d-vector is determined by the spinorbit coupling that breaks the spin SU(2) symmetry. The d-vector in the heavy fermion superconductors UPt 3 and UBe 13 has been investigated on the basis of the phenomenological Ginzburg-Landau theory. 3, [6] [7] [8] Nevertheless, many issues, for instance, the anisotropy of the dvector, are still subjects of controversy.
Triggered by the discovery of superconductivity in Sr 2 RuO 4 , the microscopic theory of the d-vector has been developed. On the basis of the multi-orbital Hubbard model with spin-orbit coupling (so-called L-S coupling), several microscopic rules for the d-vector have been obtained, which will be summarized in §2. 23, 24) According to the microscopic theory, the symmetrybreaking interaction, which leads to the anisotropy of the d-vector, is very small in many cases. This finding has been confirmed by the nuclear magnetic resonance (NMR) measurement of Sr 2 RuO 4 . 25, 26) The small symmetry-breaking interaction due to the L-S coupling indicates that another source of spin SU(2) symmetry breaking may play an important role in determining the structure of the d-vector. The purpose of this study is to investigate the roles of the disorder that gives the random spin-orbit coupling. We show that directional disorders such as stacking faults significantly affect the d-vector in spin triplet superconductors.
The idea is based on the recent studies on noncentrosymmetric superconductors that lack inversion symmetry in their crystal structures. 10, 11, [14] [15] [16] [17] [18] [19] [20] It has been shown that antisymmetric spin-orbit coupling plays a major role in such systems. 21, 22) Although the antisymmetric spin-orbit coupling has the same microscopic origin as the L-S coupling, 18) the effects on the spin triplet superconductivity are considerably different. The effect of the antisymmetric spin-orbit coupling is much larger than that of the L-S coupling, since the splitting of Fermi surfaces is induced by the former. Thus, we are led to the idea that the antisymmetric spin-orbit coupling may also play an important role in the globally centrosymmetric system with a broken local inversion symmetry. We show that this is the case for a spin triplet superconductor in the presence of directional disorders.
The presence of stacking faults in the eutectic crystal of Sr 2 RuO 4 -Sr 3 Ru 2 O 7 [27] [28] [29] as well as in the disordered phase of CePt 3 Si has been pointed out.
30) The former is regarded to be a disordered phase of the centrosymmetric superconductor Sr 2 RuO 4 , while the latter is a disordered phase of the non-centrosymmetric superconductor. 11, 31, 32) The local inversion symmetry is broken in these materials, while the global inversion symmetry is recovered by the randomness. We investigate the superconductivity in these systems by assuming the random spin-orbit coupling and random scalar potential arising from stacking faults.
We show that the d-vector in Sr 2 RuO 4 -Sr 3 Ru 2 O 7 is different from the chiral state in the bulk Sr 2 RuO 4 .
12)
The eutectic Sr 2 RuO 4 -Sr 3 Ru 2 O 7 is a time-reversal invariant spin-triplet superconductor that attracts much attention in terms of Majorana fermions, non-Abelian statistics and their relationship with topological properties. [33] [34] [35] [36] [37] [38] In this study, we also resolve the seemingly controversial issue of the non-centrosymmetric superconductor CePt 3 Si. The T c of the disordered CePt 3 Si is higher than that of the clean CePt 3 Si. 11, [30] [31] [32] This variation of T c is incompatible with the usual pair-breaking effect in nons-wave superconductors. We show that this unusual variation of T c is attributed to the pair-breaking effect arising from the antisymmetric spin-orbit coupling.
The paper is organized as follows. In §2, we summarize the results obtained using the microscopic theory for the d-vector in clean spin triplet superconductors. The effects of the uniform spin-orbit coupling are discussed for both centrosymmetric and non-centrosymmetric systems. In §3, we formulate the random spin-orbit coupling arising from stacking faults. The eutectic Sr 2 RuO 4 -Sr 3 Ru 2 O 7 and the disordered CePt 3 Si are modeled in a unified way. The effects of the random spin-orbit coupling as well as the random scalar potential are investigated on the basis of the self-consistent Born approximation. The results for the d-vector and the pair-breaking effects are shown in §4. The breakdown of the Born approximation in the highly two-dimensional system is pointed out in §4.3, where the results expected in the two-dimensional limit are shown. The superconductivities in CePt 3 Si and Sr 2 RuO 4 are discussed in §5.1 and §5.2, respectively. The d-vectors in the spin triplet superconductors are summarized in §6. A discussion is given in §7.
D-vector in Clean Spin Triplet Superconductors
The discovery of superconductivity in Sr 2 RuO 4 9) led to a breakthrough in the microscopic theory of spin triplet superconductivity, since the simple electronic structure of Sr 2 RuO 4 made it possible to study the dvector on the basis of microscopic models, such as the multi-orbital Hubbard model 23, 39) and multi-orbital d-p model. 39, 40) One of the achievements of the microscopic theory is the formulation of rules for the d-vector in d-electron systems such as Sr 2 RuO 4 23) and NaCoO 2 ·yH 2 O, 24) which are summarized in Table I . Since these superconductors have inversion symmetry, the spin-orbit coupling is described by the so-called L-S coupling λ. The relation T c λ E F holds in the d-electron systems with E F being the Fermi energy. Since the large parameter λ/T c is irrelevant in the presence of inversion symmetry, the perturbative treatment with respect to the small parameter λ/E F is justified. 23) On the basis of this fact, we classified the structures of the d-vector shown in Table I .
We found that the d-vector is determined in many cases solely by the symmetries of the crystal structure (first row), local electron orbital (second row), and superconductivity (third row). The direction and anisotropy of the d-vector are shown in the fourth and fifth rows, respectively. Here, the anisotropy is defined as ∆T c /T c = Tetragonal Hexagonal dxy dxz, dyz Eg A 1g P-wave P-wave F-wave P-or F-wave (T c − T * c )/T c with T c and T * c being the transition temperatures for the most and second most stable pairing states, respectively. Most of these results are exact in the sense that they are independent of the details of the Fermi surface and electron correlation. This is because the selection rules due to the symmetries solely determine the effect of spin-orbit coupling in the lowest order of O(λ/E F ).
24)
As an exceptional case, the direction of the d-vector is not exactly determined when the lowest order term of λ/E F vanishes. In such a case, the anisotropy is as small
. This is the case for Sr 2 RuO 4 , where the superconductivity is mainly induced by the d xy -orbital electrons. We determined the d-vector for the d xy -orbital electrons in the tetragonal lattice on the basis of the perturbation theory for the three-orbital Hubbard model.
23)
Then, we found that the d-vector indeed depends on microscopic details such as the Fermi surface and electron correlation. We assume the band structure of Sr 2 RuO 4 obtained by the band calculation and show our result in the corresponding part of Table I .
We here give two additional comments on Table I . First, the symmetries of the crystal structure and superconductivity are taken into account in the phenomenological Ginzburg-Landau theory, 3) while the microscopic theory is needed to take advantage of the symmetry of the local electron orbital. In other words, the local orbital plays an essential role in obtaining the results summarized in Table I .
Second and more importantly, the anisotropy of the d-vector is generally small when the spin-orbit coupling is smaller than the Fermi energy λ < E F .
23) This is true even when the spin-orbit coupling is much larger than T c . This means that the d-vector is rotated by a small applied magnetic field parallel to the d-vector, as confirmed by NMR measurements of Sr 2 RuO 4 .
25, 26)
Another category of spin triplet superconductors is the non-centrosymmetric superconductors. The order parameter of such superconductors cannot be classified into even parity or odd parity because of the broken inversion symmetry. Then, an admixture of spin singlet and spin triplet Cooper pairs occurs, and therefore the order parameter of spin triplet pairing is always finite.
21) The theory of the d-vector for such systems is rather simple since the splitting of Fermi surfaces is induced by the antisymmetric spin-orbit coupling. It has been shown that the d-vector is parallel to the g-vector that characterizes the antisymmetric spin-orbit coupling. 19) Since the symmetry of the g-vector is determined by the crystal structure, the d-vector is determined solely by the crystal symmetry. In the case of the P 4mm space group of CePt 3 Si, the g-vector is of the Rashba-type 41) and then,
The coupling constant of the antisymmetric spin-orbit coupling α satisfies the relation T c α E F in most non-centrosymmetric superconductors, including heavy fermion systems such as CePt 3 Si, CeRhSi 3 , and CeIrSi 3 . This relation is similar to that for the L-S coupling λ for the centrosymmetric d-electron systems. However, the antisymmetric spin-orbit coupling gives rise to much larger anisotropy of the d-vector than the L-S coupling, because the large parameter α/T c is relevant for the superconductivity. This means that the antisymmetric spin-orbit coupling plays a major role in the spin triplet superconductivity even when its coupling constant is much smaller than the L-S coupling. This is the reason why we focus on the random antisymmetric spin-orbit coupling in the disordered system and ignore the L-S coupling in this paper. Fig. 1 . CePt 3 Si lacks the inversion symmetry in the clean limit, but the global inversion symmetry is restored by stacking faults while keeping the broken local inversion symmetry [ Fig. 1(a) ]. On the other hand, clean Sr 2 RuO 4 has the inversion symmetry, while stacking faults lead to local inversion symmetry breaking while keeping the global inversion symmetry [ Fig. 1(b) ]. Thus, CePt 3 Si and Sr 2 RuO 4 are contrasting examples and can be investigated in a unified way.
To focus on stacking faults in the spin triplet superconductors, we assume a three-dimensional model in which each two-dimensional layer is clean but the stacking along the c-axis is disordered as in Fig. 1 . The model is described as
where k = (k x , k y , k z ) and k 2d = (k x , k y ) represent the three-and two-dimensional momenta, respectively. We denote the index of each layer as i and the spin as s.
c k 2d ,i,s , with σ being the vector representation of the Pauli matrix. n r,i is the electron number at the site ( r, i). The creation operators of spin triplet Cooper pairs are described as and
are the irreducible representations of the order parameter in the tetragonal lattice.
3) We denote the d-vectors of these states
Although the effect of L-S coupling is included in the differences of pairing interactions g γ for each pairing state (γ = 1 − 6), we here assume g γ = g for simplicity. This means that the effect of L-S coupling is ignored. This simplification is valid when the effect of L-S coupling is small as mentioned earlier.
The random scalar potential and random spin-orbit coupling at layer i are represented by u i and α i in the third and fourth terms in eq. (1), respectively. The random variables u i and α i are independent of the twodimensional coordinate r in the stacking fault model. The random spin-orbit coupling α i arises from the local mirror symmetry breaking with respect to the twodimensional plane. We assume the random averages, < u i >=< α i >= 0, < u i u j >=ū 2 δ i,j , < α i α j >=ᾱ 2 δ i,j , and < u i α j >= 0.
Born approximation
We solve the model given by eq. (1) The Green function and self-energy are obtained as
respectively. The undressed Green function is given as 
, where ω n = (2n + 1)πT is the Matsubara frequency and T is the temperature.
The irreducible susceptibility is divided into the contributions from the intralayer and interlayer pairings,
where
and
We denote the unit vectors asâ = a/| a|. We separate the d-vector into the wave functions of the intralayer and interlayer Cooper pairings as
When the d-vector is k z -independent, the threedimensional component of the d-vector vanishes as
We focus on the d-vector having even k z dependence in the following part, and give a brief comment on the odd d-vector with respect to k z in §4.1 and §4.2. T c is determined by the criterion
where T c0 is the transition temperature in the clean limit (ū = 0 andᾱ = 0).
Weak-coupling theory
In this subsection, we solve eqs. (2)- (9) on the basis of weak-coupling theory. Assuming (ū 2 +ᾱ 2 )/W z E F , the self-energy is obtained as
, and therefore,
Following eq. (4), we obtain the irreducible susceptibility for the superconductivity,
where ψ(x) is the digamma function. According to eq. (9), the transition temperature is determined as
. Using a similar analysis, we obtain the equation of T c for the spin singlet pairing state as
The scalar order parameter of the spin singlet superconductivity is denoted as φ s ( k) = φ s (− k) and its interlayer component φ s 3d ( k) is defined in the same way as in eqs. (7) and (8).
D-vector and Pair-Breaking Effect
In this section, we investigate the effects of random spin-orbit coupling and random scalar potential on the spin triplet superconductors. The effects on the d-vector are clarified in §4.1 and the pair-breaking effect is investigated in §4.2.
D-vector
First, we discuss the d-vector in the presence of random spin-orbit coupling. The pair-breaking effect arising from the random spin-orbit coupling leads to the anisotropy of the d-vector through the second term on the right-hand side of eq. (16) . We see that the anisotropy originates from the intralayer Cooper pairing represented by d 2d ( k 2d ). The interlayer Cooper pairs are suppressed by disorders independent of the spin degree of freedom. Since the scalar disorder does not give rise to the anisotropy of the d-vector, we focus on the random spinorbit coupling in this subsection.
Because the second term in eq. (16) vanishes for the d-vector parallel to the g-vector, the spin triplet superconducting state with d( k) g( k 2d ) is robust against the random spin-orbit coupling. The other spin triplet pairing states are destabilized by the random spin-orbit coupling. The d-vector d = k yx −k xŷ is favored when the random spin-orbit coupling is of the Rashba type. This is the same pairing state as that in clean non-centrosymmetric superconductors having the spatially uniform Rashba spin-orbit coupling. 19) On the other hand, the anisotropy of the d-vector is significantly different between the clean and disordered systems. The pair-breaking effect on the spin triplet pairing state with d( k) g( k 2d ) is represented by the parameter Γ α /T c0 . The phase relaxation rate Γ α is obtained as Γ α ∼ α in the clean non-centrosymmetric superconductors, 19) while Γ α ∼ πᾱ 2 /W z in the stacking fault model. The anisotropy arising from the antisymmetric spin-orbit coupling is significantly decreased by stacking faults when the relationᾱ W z is satisfied, as in most non-centrosymmetric superconductors. This is one of the manifestations of the global inversion symmetry recovered by the disorders. Figure 3 shows the T c values of various spin triplet pairing states for the simple dispersion relation ε( k) = 2t(cos k x + cos k y ) + 2t z cos k z − µ, (18) and the g-vector g( k) = (− sin k y , sin k x , 0)/ < | g( k)| > F , where the bracket <> F means the average on the Fermi surface. We numerically solve eqs. (2)-(9) without using the weak-coupling approximation in §3.3, although we have confirmed that the weak-coupling approximation leading to eq. (16) is quantitatively valid. We choose the unit of energy as t = 1 and assume t z = 0.2. The chemical potential µ is determined so that the electron density per site is n = 0. (1) for the realistic spin-orbit couplingᾱ 2 /T c0 t z ∼ 10. This means that the d-vector is strongly pinned by the random spin-orbit coupling. Note that this anisotropy is much larger than that in the clean centrosymmetric superconductors. For example, we obtained a small anisotropy ∆T c /T c < 0.01 for the clean bulk Sr 2 RuO 4 , 23, 42) which has been confirmed experimentally.
25, 26, 43)
Here, we comment on the d-vector that is odd with respect to k z , namely, d( k 2d , k z ) = − d( k 2d , −k z ). In this case, the intralayer Cooper pairing vanishes as d 2d ( k 2d ) = 0, and therefore, d 3d ( k) = d( k). Then, stacking faults give rise to a strong pair-breaking effect through the first term of eq. (16), independent of the spin degree of freedom. (See the thin dashed line in Fig. 3 .) This means that the pairing states d = k zx and d = k zẑ proposed by Hasegawa and Taniguchi 44) are unlikely to be realized in CePt 3 Si if stacking faults exist there. We assume that the d-vector is even with respect to k z in the following part, unless we mention otherwise.
Pair-breaking effect for
Next, we investigate the pair-breaking effect on the most stable pairing state d = k yx −k xŷ . When we assume a momentum dependence of the d-vector so that d( k) ∝ g( k) and d 3d ( k) = 0, as in §4.1, the T c of the spin triplet pairing state d = k yx − k xŷ is not decreased by stacking faults. On the other hand, a weak pair-breaking effect is induced for d = k yx − k xŷ through the first and second terms in eq. (16) when the momentum dependences of the d-and g-vectors are more complicated. We discuss the following contributions; (I) the first term of eq. (16), which arises from the interlayer Cooper pairing, and (II) the second term, which originates from the mismatch of the d-and g-vectors. (I) According to eq. (16), both random scalar potential and random spin-orbit coupling lead to the pair-breaking of interlayer Cooper pairs represented by d 3d ( k). However, this pair-breaking effect vanishes for the simple band structure when the Fermi surface is not folded along the k z -axis. Examples of the unfolded and folded Fermi surfaces are shown in Figs. 4(a) and 4(b), respectively. We explain this nontrivial result on the basis of the weakcoupling theory. Since T c is determined by the Cooper pairs on the Fermi surface in the weak-coupling limit, we replace eq. (8) with,
where the momentum on the Fermi surface are described by ( k 2d , ±k j z ). For unfolded Fermi surfaces l = 1 for all k 2d . This is the case for eq. (18) . According to eq. (19), the three-dimensional component d 3d ( k) vanishes on the Fermi surface when the order parameter is even with respect to k z and d( k 2d , k z ) = d( k 2d , −k z ). Then, the pair-breaking effect through the first term in eq. (16) vanishes. In other words, the spin triplet pairing state d = k yx − k xŷ is robust against stacking faults even for the three-dimensional order parameter and/or threedimensional band structure when the Fermi surface is unfolded. This is viewed as an extension of Anderson's theorem 45) for the non-s-wave superconductors. For a folded Fermi surface with l ≥ 2 [ Fig. 4(b) ], pairbreaking occurs for d = k yx − k xŷ through the interlayer pairing d 3d ( k). This effect is quantitatively important when the d-vector d( k) changes its sign along the k z -axis. In such a case, the horizontal line node (or a tiny gap) appears in the superconducting gap ∆( k) ∝ φ x ( k) 2 + φ y ( k) 2 if the nodes of φ x ( k) and φ y ( k) are close to each other. Table II . Summary of the pair-breaking effect on the most stable spin triplet pairing state d = kyx − kxŷ through the interlayer Cooper pairing. The second row indicates the gap structure. "Vertical" and "Horizontal" denote the vertical and horizontal line nodes in the superconducting gap, respectively. The third and fourth rows describe the folded and unfolded Fermi surfaces, respectively. The symbols and × show the presence and absence of the pair-breaking effect, respectively. The fourth column shows the pair-breaking effect for the pairing state having odd parity with respect to kz.
The presence or absence of the pair-breaking effect due to the interlayer Cooper pairing is summarized in Table  II . The case of the odd d-vector with respect to k z is also shown in Table II . We see that pair-breaking occurs only for the folded Fermi surface with horizontal line nodes of the superconducting gap when the order parameter is even with respect to k z .
(II) The pair-breaking effect arises from the intralayer Cooper pairs when the momentum dependences of the d-vector and g-vector are mismatched. Although shortrange Cooper pairing leads to the simple momentum dependence of the d-vector, the g-vector may have a complicated momentum dependence.
18) Then, the d-vector cannot be parallel to the g-vector in the whole Brillouin zone. 16, 18, 46, 47) In such a case, T c is decreased even for the most stable pairing state d = k yx − k xŷ through the second term of eq. (16) . This is similar to the case of clean non-centrosymmetric superconductors, 16, 18) but the amplitude of the pair-breaking effect is reduced. The pair-breaking effect due to the random spin-orbit coupling is quadratic inᾱ, while it is linear in α in a clean non-centrosymmetric system. In §5.1, we show that this quantitative difference resolves the unusual variation of T c in CePt 3 Si.
Highly two-dimensional system
We here comment on the breakdown of the Born approximation in highly two-dimensional systems. The parameter space for the c-axis kinetic energy W z is divided into the following three regimes: (A) Three-dimensional regimeᾱ 2 /E F < W z where the Born approximation is valid. Because the phase relaxation rate is inversely proportional to W z , the pair-breaking effect increases with decreasing W z by enhancing the two-dimensionality. (B) Two-dimensional regime T c0 < W z <ᾱ 2 /E F where the Born approximation breaks down. The effects of the randomness tend to be saturated with decreasing W z . A higher-order theory, such as the self-consistent T-matrix approximation, is needed for a quantitative estimation. (C) Highly two-dimensional regime W z < T c0 where the spatial inhomogeneity plays an important role like in short coherence length superconductors [48] [49] [50] In this regime the spatial average (replica symmetry) taken in the Born approximation as well as in the self-consistent T-matrix approximation is not justified. In the limit of two-dimensionality W z /T c0 → 0, the layers are independent of each other. Then, the pair-breaking effect on T c vanishes, because T c is determined by the layer with α i = 0. Summarizing this discussion, we show the schematic figure in Fig. 5 , where the pair-breaking effect is shown for regimes (A), (B), and (C). 
CePt 3 Si and Sr 2 RuO 4
We here turn to examples of possible spin triplet superconductors. CePt 3 Si and Sr 2 RuO 4 are discussed in §5.1 and §5.2, respectively.
CePt 3 Si
First, we show that an unresolved issue in CePt 3 Si is resolved by taking into account the randomness in the spin-orbit coupling. After the discovery of superconductivity with T c ∼ 0.7 K by Bauer et al., 10) another superconducting phase with T c ∼ 0.45 K was found.
31, 32)
Several experimental results show that the high-T c phase is more disordered than the low-T c phase. 31, 32) This variation of T c is unusual since the heavy fermion superconductor CePt 3 Si is considered to be a non-s-wave superconductor. We here resolve this problem by assuming the presence of stacking faults in the high-T c phase, as proposed in ref. 30 .
One of the important consequences of §4 is the extended Anderson's theorem for stacking faults. The non-s-wave superconductivity is robust against stacking faults in many cases, as summarized in Table II . In particular, the pair-breaking effects due to the random scalar potential and the random spin-orbit coupling can be substantially avoided for the spin triplet pairing state with
Another point is the weak but finite pair-breaking effect for d = k yx − k xŷ arising from both the uniform and random spin-orbit couplings. Since our formulation does not include the uniform spin-orbit coupling, we cannot interpolate between the clean and random systems.
However, we can compare T c in the clean limit with that in the highly disordered system since T c in the clean non-centrosymmetric superconductor is obtained by re-
Because the relationsᾱ/W z 1 andᾱ ≤ α are satisfied in CePt 3 Si, the pair-breaking effect is larger in the clean CePt 3 Si than in the disordered CePt 3 Si. In other words, T c is increased by stacking faults by recovering the global inversion symmetry. This is consistent with the seemingly unusual variation of T c in CePt 3 Si. 31, 32) In order to examine this proposal quantitatively, we take into account the band structure of CePt 3 Si and numerically solve eqs. (2)- (9) for the following dispersion relation:
By choosing the parameters as (t 1 , t 2 , t 3 , t 4 , t 5 , t 6 , t 7 , n) = (1, −0.15, −0.5, −0.3, −0.1, −0.09, −0.2, 1.75), eq. (20) reproduces the β-band of CePt 3 Si.
16) Although CePt 3 Si has several Fermi surfaces, [51] [52] [53] it is expected that the superconductivity is mainly induced by the β-band since the β-band has a substantial Ce 4f -electron character 52) and the largest density of states.
51) The Fermi surface obtained from eq. (20) (see Fig. 1 of ref. 16 ) is folded along the k z -axis for a part of k 2d . Therefore, not only the random spin-orbit coupling but also the random scalar potential can decrease T c .
We assume the g-vector
while the d-vector is assumed to be
The parameter G represents the complexity of the gvector, while the parameter D represents the weight of interlayer Cooper pairing.
We show the variation of T c with respect to D and G in Fig. 6 , where the randomness is fixed to beū
It is shown that T c is significantly decreased with increasing G at approximately G = 1. This is because nontrivial topological defects appear in the g-vector for G > 1. Thus, the T c of spin triplet superconductivity with d = k yx − k xŷ is substantially decreased by the random spin-orbit coupling when the topological properties are different between the d-vector and gvector. Another effect of the topological defects in the g-vector, such as the topologically protected line node of the superconducting gap, has been pointed out. 16, 18) For the dependence on D, we see a substantial decrease in T c for D ≥ 1. This is because the superconducting gap has horizontal line nodes for D ≥ 1, and then the superconductivity is suppressed by stacking faults in accordance with Table II . For a quantitative comparison with experiments, we discuss the realistic parameters for CePt 3 Si. According to the microscopic analysis based on the random phase approximation, the interlayer Cooper pairing is negligible in the s+P -wave state of CePt 3 Si. 16, 18) This is the dominantly spin triplet pairing state consistent with the experimental results.
14) Thus, the small parameter D 1 is indicated in CePt 3 Si. On the other hand, it is difficult to determine the parameter G since the momentum dependence of the g-vector has not been extracted from the data of band calculation. [51] [52] [53] Therefore, we assume D = 0 and show theᾱ dependence of T c for various G in Fig. 7 .
We here assume α/T c0 = 100 and α/|t 4 | = 0.2, where α is the spin-orbit coupling in the clean limit and the T c0 is the fictitious transition temperature for α = 0. For the disordered phase of CePt 3 Si, we assumeᾱ = α/2, and then we obtain Γ α /T c0 = 5. T c in the clean limit of CePt 3 Si is roughly estimated by replacing Γ α /T c0 in Fig. 7 with α/T c0 . When we assume a moderately complicated g-vector with G = 1, we obtain T c /T c0 = 0.74 for the disordered phase and T c /T c0 = 0.32 in the clean limit. This rough estimation is in reasonable agreement with the high T c of the disordered CePt 3 Si (T c = 0.7 K) and the low T c of the clean CePt 3 Si (T c = 0.45 K). Thus, the seemingly unusual variation of T c in CePt 3 Si is understood by taking into account the spin-orbit coupling and assuming the d-vector d = k yx −k xŷ . We stress again that T c is increased in the disordered phase by recovering the global inversion symmetry. Fig. 1(b) .
Sr
For the bulk Sr 2 RuO 4 , the d-vector has been theoretically investigated on the basis of the multi-orbital Hubbard model 23, 39) and multi-orbital d-p model. 39, 40) Using these microscopic theories it is found that the anisotropy of the d-vector is very small, ∆T c /T c < 0.01. This is because the effect of the spin-orbit coupling (L-S coupling) λ on the superconductivity in the active γ-band is on the order of λ 2 /E 2 F . 23) Such a small anisotropy is consistent with the NMR measurements 25, 26) and results in multiple phase transitions in the magnetic field. 42, 54) According to the results in §4, the structure of the d-vector in Sr 2 RuO 4 -Sr 3 Ru 2 O 7 is considerably different from that in the bulk Sr 2 RuO 4 . Several pieces of experimental evidence have been obtained for the chiral spin triplet pairing state d = (k x ± ik y )ẑ in the bulk Sr 2 RuO 4 .
12) On the other hand, the stable pairing state is expected to be d = k yx − k xŷ in Sr 2 RuO 4 -Sr 3 Ru 2 O 7 owing to the random spin-orbit coupling arising from stacking faults.
A weak anisotropy due to the L-S coupling ∆T c /T c < 0.01 is compensated for by the very small random antisymmetric spin-orbit couplingᾱ withᾱ 2 /W z T c0 < 0.02 according to Fig. 3 . When we assume W z = 100 K and T c0 = 1.5 K, the pairing state d = k yx − k xŷ is more stable than the chiral state forᾱ > 2 K. Sinceᾱ = 2 K is much smaller than the typical antisymmetric spin-orbit coupling (> 100 K), the d-vector d = k yx − k xŷ is likely to be realized in Sr layers are dilute in the superconducting region of interest. However, these results for the d-vector are qualitatively valid beyond the Born approximation. We here give a brief comment on the 3 K superconducting phase of Sr 2 RuO 4 , which is realized near the interface with the Ru metal.
55) The antisymmetric spin-orbit coupling should play an important role in such inhomogeneous spin triplet superconductors because the local inversion symmetry is broken. In particular, the spatial dependence of the d-vector is determined by the shape of the Ru metal. Then, novel topological defects should appear for some structures of interfaces. We leave such an interesting texture of a spin triplet order parameter as a future issue.
Summary of D-vector in Spin Triplet Superconductors
Combining this study on disordered superconductors with the previous studies on clean bulk superconductors, we summarize the structures of the d-vector in spin triplet superconductors.
The d-vector in the clean centrosymmetric superconductors is determined by the symmetries of the crystal structure, local electron orbital, and superconductivity in accordance with the selection rules summarized in Table I . 23, 24) We stress again that these results are exact in the lowest order of λ/E F . We also mentioned the cases where the higher-order terms with respect to λ/E F determine the d-vector. It is expected that similar selection rules will also be obtained for the f -electron systems in which the other limit λ/E F 1 is appropriate, although the microscopic study of heavy fermions remains a future work.
The d-vector in the clean non-centrosymmetric superconductors and disordered superconductors are summarized in Table III . In these cases, the d-vector is determined solely by the crystal structure through the g-vector of antisymmetric spin-orbit coupling. The anisotropy of the d-vector ∆T c /T c is estimated to be min[O(1),O(α/T c0 )] and min[O(1),O(ᾱ 2 /E F T c0 )] for the non-centrosymmetric superconductors and disordered superconductors, respectively. Although the role of the antisymmetric spin-orbit coupling is reduced by the randomness, it is still much larger than the effect of the symmetric L-S coupling. This means that we have to be careful in discussing the d-vector of centrosymmetric spin triplet superconductors because it is affected by a small amount of directional disorders. Tables I and III show a complete set of theoretical results on the structures of the d-vector.
Summary and Discussion
We investigated the roles of random spin-orbit coupling in spin triplet superconductors. The random antisymmetric spin-orbit coupling induced by stacking faults in CePt 3 Si and Sr 2 RuO 4 -Sr 3 Ru 2 O 7 has been studied as a typical example. It is shown that the d-vector parallel to the g-vector is stabilized by the spin-orbit coupling similarly to that in the non-centrosymmetric superconductors. In the cases of CePt 3 Si and Sr 2 RuO 4 -Sr 3 Ru 2 O 7 , the pairing state d = k yx − k xŷ is stabilized. The anisotropy of the d-vector is represented by the parameterᾱ 2 /W z T c0 , which is much smaller than that in the clean non-centrosymmetric superconductors by the factorᾱ/W z , but much larger than that in the clean centrosymmetric superconductors.
The superconducting state of CePt 3 Si and Sr 2 RuO 4 -Sr 3 Ru 2 O 7 was discussed on the basis of the stacking fault model. A seemingly controversial issue of CePt 3 Si, namely, the high T c of the disordered phase, has been resolved. This unusual variation of T c is attributed to the restoration of the global inversion symmetry by disorders while keeping the broken local inversion symmetry.
Stacking Since the g-vector of antisymmetric spin-orbit coupling is a real vector, the time-reversal symmetry is generally conserved in the spin triplet superconductors with directional disorders. This is a means to realize topological superconductors having the time-reversal symmetry, whose nontrivial properties such as Majorana fermions and non-Abelian statistics are attracting growing attention.
35-38)
The directional disorders generally play an important role in the spin triplet superconductors, as discussed in this paper. In particular, the random spin-orbit coupling due to the local inversion symmetry breaking can alter the pairing state in the centrosymmetric systems. This is the first study pointing out that not only the broken global inversion symmetry but also the broken local inversion symmetry plays essential roles. Although we focused on a particular example, that is, stacking faults, it is straightforward to extend this study to other cases such as the bilayer structure and pyrochlore structure. Our study indicates that it is not difficult to study the d-vector from the theoretical point of view, because it is determined solely by the crystal structure in many cases.
